To navigate complex environments, animals must generate highly robust, yet flexible, locomotor 17 behaviors. For example, walking speed must be tailored to the needs of a particular 18 environment: Not only must animals choose the correct speed and gait, they must also rapidly 19 adapt to changing conditions, and respond to sudden and surprising new stimuli.
Introduction

28
Insects have a remarkable capacity to adapt their locomotor behaviors across a wide 29 range of environmental contexts and to confront numerous challenges. For example, they can even in decapitated animals [8, 10, [15] [16] [17] 25] . Thus, the VNC harbors neural networks that can generating (CPG) motor circuits. In crustaceans, for example, neuromodulation causes the addition to maintaining the relationships between speed and most kinematic parameters, 12 218 control animals (Trh Ç tsh >csChrimson grown on food lacking ATR) (A) and animals where 5-during baseline walking. To test this prediction, we performed functional calcium imaging of a subset of 5-HT VNC axons within the VNC while flies walked on a spherical treadmill ( Figure S4A ) Activity in these fibers is highly correlated with walking ( Figure 2D and E). Fluorescence 270 signals from these cells rise dramatically at the onset of each walking bout ( Figure 2F ). These 271 responses are not nearly as large when animals perform other motor behaviors, like proboscis 272 extension or grooming ( Figure S4E ). These results suggest that at least a subset of 5-HT VNC 273 neurons are specifically active when flies walk, and are not generically active during all legged 274 motor behaviors. We also find that the activity of these serotonergic processes correlates with 275 the average speed of the walking bout, suggesting that these neurons may become more active 276 when animals walk faster ( Figure S4F ). These observations are particularly interesting in the 277 context of our other behavioral data, which show that walking speed can be shifted faster or 278 slower by manipulating 5-HT VNC neural activity. Thus, baseline walking speed correlates with but 279 is also sensitive to 5-HT VNC neural activity. Taken together, these observations suggest that one 280 role for serotonin release in the VNC may be to dampen walking speed, a conclusion that we 281 further test below.
283
Serotonin slows baseline walking in multiple contexts
284
Results from optogenetic activation and recordings can be reconciled by a model 285 whereby the VNC serotonergic system is used to regulate walking speed: when the system is 286 activated, flies walk more slowly and when the system is silenced, flies walk faster. To test this 287 model, we asked if 5-HT VNC neural activity is required when flies naturally alter their walking 288 speeds. For example, flies normally walk at different speeds depending on ambient 289 temperature, body orientation, nutritional status, and in response to mechanosensory 290 stimulation [2, 7, 61, 62] . Surprisingly, animals in which 5-HT VNC neurons were silenced were still 291 able to adjust their speed in the same direction as wild type flies in all of these contexts ( Figure   292 4A). Moreover, regardless of the context, animals in which these neurons are silenced walk 293 faster than controls. Thus, animals do not require 5-HT VNC neuron activity to modulate their 294 speed in response to different environmental contexts (e.g. temperature), or internal state (e.g. 295 hunger). Furthermore, these data suggest that this system is used in a context-independent 296 manner to dampen walking speed. 
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We tested this prediction using two different startle-inducing paradigms: (i) one in which 
323
Taken together, these results demonstrate that the VNC serotonergic system is not 324 required for animals to modify their walking speed in response to changes in the environment or 325 shifts in internal state. In addition, they suggest that this system is needed for an immediate 
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Before characterizing the phenotypes of these receptor mutants, we analyzed a mutant 359 of the Trh gene (Trh 01 ), which is globally unable to produce serotonin [48] . Reassuringly, Trh 01 360 animals show a similar phenotype to animals in which 5-HT VNC neurons were silenced: the flies 361 walk significantly faster and more frequently than controls, and exhibit a similar startle response 362 in the earthquake paradigm ( Figure 5A 
365
Null receptor mutants 5-HT1A Gal4 , 1B Gal4 , 2A Gal4 , and 7 Gal4 all increase the percentage of 366 time animals spend walking ( Figure S5A) [48]. However, an increase in walking speed is only 367 observed in 5-HT7 Gal4 mutants ( Figure 5A and C), suggesting that 5-HT7 is the primary receptor 368 responsible for mediating the effects of serotonin on walking speed.
369
We next tested the receptor mutants in the earthquake paradigm. Interestingly, 5-HT7 Gal4 370 and 5-HT1B Gal4 mutants closely phenocopy the startle response seen in Trh 01 mutants and also 371 in the 5-HT VNC inactivation experiments ( Figure 5C and D, Figure S5E These data are consistent with the idea that different receptors influence distinct aspects effects on cAMP production, such as 5-HT1A and 5-HT7, can result in similar phenotypes.
378
Further, some receptor mutants exhibit phenotypes that are not seen in Trh 01 mutant animals.
379
These complex changes in locomotor behavior may be explained by the differential expression 380 of serotonin receptors in key components of the locomotor circuit. 
Serotonergic modulation of the startle response
There is ample evidence in the literature to support this role for serotonin both in rodent 484 models as well as in human studies (reviewed in [90-92]). While increased motor output is 485 usually correlated with increased, not decreased, speed [93], increased muscle output has also 486 been shown to be required in humans to navigate complex terrain, and may be playing a similar 487 role in the fly [94, 95] . In addition, it is noteworthy that the motor neurons expressing these 488 receptors target both flexor and extensor muscles in the coxa and femur, two proximal leg 489 segments ( Figure S6A-F) . These observations suggest that serotonin acting on these motor 490 neurons may result in co-contraction, a mechanism that facilitates joint stability in the face of a 491 complex environment and also during the preparatory phase for certain escape behaviors
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[66, [94] [95] [96] [97] [98] [99] 
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In addition to a potential role in motor neurons, serotonin receptors are expressed in 494 distinct classes of leg sensory neurons that target the leg neuropils of the VNC. We hypothesize 495 that this distribution of receptors serves to shift the balance of sensory information in response 496 to serotonergic input. Based on the known downstream signaling properties of these receptors,
497
we predict that increased levels of serotonin in the VNC would amplify proprioceptive and distal 498 sensory inputs at the expense of more proximal sensory information. These shifts in sensory 499 processing may also contribute to increased stability and might be useful in other contexts 500 where slow walking is preferred, such as navigating complex terrains where improved sensory 501 information might be beneficial.
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Considering the broad expression of serotonergic receptors in sensory organs, it is 503 interesting that one of the behavioral roles of serotonin we identified is its ability to mediate the 504 response to vibration. Vibration is sensed by the chordotonal organ, and our expression 505 analysis reveals that serotonin receptors are expressed to different extents in chordotonal 506 neurons [100] [101] [102] . Together, these observations suggest that modulation of sensory 507 information as it is entering the VNC plays a key role in how serotonin modulates the response 508 to a vibration stimulus. In addition, the observation that serotonin release in the VNC affects the 509 response to both the earthquake and blackout paradigms similarly, which are perceived by two 510 very different sensory systems, suggests that this neuromodulator is controlling downstream 
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flies. Neuromodulatory Gal4 driver lines had not been fully isogenized prior to these 793 experiments, but two of three chromosomes (i.e., the chromosomes not containing the Gal4 794 itself) had been fully swapped out for those of our isogenized w 1118 control. For each genotype,
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we analyzed data from flies that had been fed with ATR, the required co-factor for optogenetic 
